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Abstract
Single-spin asymmetries have been measured for semi-inclusive electroproduction ofπ+, π−, π0 and K+ mesons in
deep-inelastic scattering off a longitudinally polarised deuterium target. The asymmetries appear in the distrib
the hadrons in the azimuthal angleφ around the virtual photon direction, relative to the lepton scattering plane.
corresponding analysing powers in the sinφ moment of the cross section are 0.012± 0.002(stat.) ± 0.002(syst.) for π+,
0.006± 0.003(stat.)± 0.002(syst.) for π−, 0.021± 0.005(stat.)± 0.003(syst.) for π0 and 0.013± 0.006(stat.)± 0.003(syst.)
for K+. The sin 2φ moments are compatible with zero for all particles.
 2003 Elsevier Science B.V. All rights reserved.







































































red)Deep-inelastic lepton scattering (DIS) on polaris
nucleons has provided much of our present und
standing of the spin structure of the nucleon. Recen
measurements of single-spin azimuthal asymme
have been recognised as a powerful source of in
mation about the spin structure of the nucleon [
complementary to inclusive deep-inelastic scatter
Significant azimuthal target-spin asymmetries in el
troproduction ofπ+ and π0 mesons on a longitudi
nally polarised hydrogen target have been reporte
Refs. [2,3]. Evidence for azimuthal asymmetries of
ons has also been reported for deep-inelastic le
scattering off transversely polarised protons [4].
It has been suggested [5] that these single-s
asymmetries may provide information on the transv
sity distribution, which describes in a transverse
larisation basis the probability to find a quark w
its spin parallel or antiparallel to the spin of the n
cleon that is polarised transversely to its (infinite) m
mentum [6–8]. Transversity is a chiral-odd distri
ution function, which implies that it is not obser
able in an inclusive measurement, because chirali
conserved in electromagnetic and strong interact
in the limit of massless on-shell quarks. Therefo
a second chiral-odd object has to be involved in
process [9,10]. In semi-inclusive scattering this can
a chiral-odd fragmentation function—for example, t
Collins function [5].
The HERMES results on target single-spin asy
metries [2,3] have elicited a number of phenomenol
ical studies to evaluate these asymmetries in the fra
work of the Collins mechanism using various mod
as input for the chiral-odd distribution and fragme
tation functions [11–21]. Theoretical predictions ha
also been made for single-spin asymmetries in DIS
the nucleons in a deuterium target [21,22].
Recently, it has been shown that another mec
nism can also cause a single-spin azimuthal asym
try in semi-inclusive deep-inelastic scattering [23].
this case, the observed asymmetry is attributed to
interaction of the struck quark with the target remn
* Corresponding author.
E-mail address: dirk@inwfsun1.rug.ac.be (D. Ryckbosch).through the exchange of a single gluon. This mec
nism was shown to be identical [24] to the Sivers
fect known already for a long time [25], involving
chiral-even time-odd distribution function. Other the
retical studies [26–29] have revealed that factorisa
applies to this process, which leads to gauge-invar
momentum dependent parton distributions. In the c
of a longitudinally polarised target the Collins and t
Sivers mechanism cannot be distinguished. Howe
for the two mechanisms a different kinematic dep
dence on the fractional energyz of the hadron has bee
predicted [29].
This Letter reports the first observation of targ
spin azimuthal asymmetries for semi-inclusive p
and kaon production on a longitudinally polaris
deuterium target. The data were recorded du
the 1998, 1999 and 2000 running periods of
HERMES experiment. The experiment was perform
with a beam of 27.6 GeV polarised electrons/positro
from the HERA storage ring at DESY and polaris
nucleons in a deuterium gas target. The average ta
polarisation was 0.84 with a fractional uncertain
of 5%. The data were taken with an electron be
in 1998 and with a positron beam in 1999 a
2000. The measured single-spin asymmetries s
no dependence on the beam charge. Therefore
datasets were combined. In the following, electro
and positrons will be jointly referred to as positrons
The process considered is the production o
pseudoscalar meson (m = π or K) in deep-inelastic
positron scattering off a longitudinally polarised de
terium target:
(1)e+ d→ e+m+X.
The kinematics of this scattering process are ill
trated in Fig. 1. The relevant variables are the squa
four-momentum−Q2 = q2 = (k − k′)2 and the en-
ergy ν = E − E′ of the virtual photon in the tar
get rest frame and its fractional energyy = ν/E, the
invariant mass of the virtual-photon nucleon syst
W = √2Mν +M2−Q2, the Bjorken variablex =
Q2/2Mν and the fractional energyz = Em/ν of the
produced meson. Here,k (k′) andE (E′) are the 4-
momenta and the energies of the incident (scatte







































































stFig. 1. Kinematic planes for meson production in semi-inclus
deep-inelastic scattering: lepton scattering plane (white) and
meson production plane (shaded).
positron andM is the nucleon mass. The energy a
momentum of the meson in the target rest frame
given byEm andPm, respectively. The transverse m
mentumP⊥ of the produced meson is defined with r
spect to the virtual-photon direction. The angleφ is
the azimuthal angle of the scattered meson around
virtual photon direction with respect to the lepton sc
tering plane. Its magnitude is evaluated by
(2)cosφ = (q × k) · (q × Pm)|q × k||q × Pm|
and its sign by(q × k) · Pm/|(q × k) · Pm|. In the
case of a target polarised longitudinally with respec
the incident positron direction, the target polarisat
vector has components parallel and orthogonal w
respect to the virtual photon. The longitudinal and
transverse component of the target polarisation ve
are given by cosθγ and sinθγ , respectively. Here,θγ
is the angle between the incident positron and
virtual photon in the photon–nucleon centre-of-m
system. In the HERMES acceptance, the mean va
of 〈cosθγ 〉 and〈sinθγ 〉 are 0.98 and 0.16, respectively
For the measurement of a single target-spin as
metry the positron beam has to be unpolarised.
positrons in the HERA storage ring are natura
transversely polarised by the emission of synchrot
radiation [30]. The transverse beam polarisation
transformed into longitudinal polarisation and ba
to transverse polarisation by two spin-rotators [3
upstream and downstream of the HERMES exp
ment, respectively. The sign of the beam polarisa
is changed about every two months, which requ
moving the magnets of the spin rotators and inv
ing their magnetic field direction. The transverse a
the longitudinal positron polarisation are continuoumonitored by two Compton-backscattering polarim
ters [32,33]. To obtain an unpolarised beam, a
larisation and luminosity weighted average is form
from data of periods with opposite beam spin o
entations. The averaged luminosity weighted be
polarisation in the analysed data sample is 0.0%±
0.1%(stat.)± 2.0%(syst.).
The scattered positrons and associated meson
detected by the HERMES spectrometer [34] in
range 0.04 rad < θ < 0.22 rad of the polar angle
Positron and hadron separation is based on the in
mation from four detectors: a transition-radiation d
tector, a dual-radiator ring imaginǧCerenkov detecto
(RICH) [35], a preshower scintillation detector and
lead-glass electromagnetic calorimeter [36]. This s
tem provides an average positron identification e
ciency exceeding 98% with a hadron contaminat
below 1%.
Events are required to contain only one electron
positron track with the same charge as the beam
ticle and in addition at least one meson. If more th
one meson is detected in the spectrometer, only
meson with the largest momentum is considered. Id
tification of charged pions or kaons in the moment
range 2 GeV< Pm < 15 GeV is accomplished usin
the information from the RICH. Based on a Mon
Carlo simulation of the RICH, detection efficienci
and contaminations for charged pions and kaons
determined as a function of the hadron momentum
the hadron multiplicity. The average identification e
ficiency in the RICH is 97% for pions and 88% f
kaons. The detector properties are used to unfold
true hadron populations from the measured ones.
Neutral pions are identified by the detection
two photons in the electromagnetic calorimeter. T
reconstructed energy for each photon is required
be at least 1.0 GeV and each photon hit in
calorimeter is required not to be associated with
charged particle track going in the same directi
The reconstructed photon-pair invariant massMγ γ
distribution shows a clearπ0 mass peak with a
mass resolution of about 0.012 GeV, as displayed i
Fig. 2. Neutral pions are selected within the invari
mass range 0.10 GeV < Mγ γ < 0.17 GeV. The
background contribution from uncorrelated photon
the reconstructed invariant mass spectrum decre
with increasingz of the hadron and ranges from 35
for the lowestz bin to less than 5% for the highe










































isedFig. 2. Invariant mass (Mγγ ) spectrum of photon pairs measured
the electromagnetic calorimeter. A fit to the data using a Gaus
function for the peak plus a second order polynomial (solid cu
for the background of uncorrelated photons is shown as the do
curve. The two vertical lines embrace the invariant mass inte
used forπ0 identification.
bin. The asymmetry of this background is determin
outside of the mass window of theπ0 mass peak an
is found to be compatible with zero. A correction
applied to account for this dilution.
The requirements imposed on the kinematics of
scattered positron are the same as those in the pre
analyses of the hydrogen data [2,3]: 1 GeV2 < Q2 <
15 GeV2, W > 2 GeV, 0.023 < x < 0.4 and y <
0.85. Contributions from target fragmentation a
suppressed by requiringz > 0.2 and exclusive meso
production is suppressed by the cutz < 0.7. A lower
limit of 50 MeV is imposed onP⊥ to ensure an
accurate measurement of the azimuthal angleφ.
The target-spin asymmetryAUL in the cross section
of scattering an unpolarised beam (U) on a longitu




whereN→(←) is the number of pions or kaons d
tected for target spin antiparallel (parallel) to the
rection of the beam momentum,L→(←) is the respec
tive dead-time corrected luminosity, andPL the av-s
erage longitudinal target polarisation. The asymme
for π0 mesons is corrected for the dilution from t







Here Nπ0 and Nbg are the number of neutral pion
and background-photon pairs, respectively, in e
kinematic bin. The asymmetries forπ0 mesonsAmeas
and for the background of uncorrelated photonsAbg
are calculated as defined in Eq. (3). The backgro
asymmetry is found to be consistent with zero.
In Fig. 3, the azimuthal asymmetriesAUL(φ) for
the mesonsπ+, π0, π− and K+ are displayed as
function ofφ, integrated over the experimental acce
tance in the kinematic variablesx, P⊥, z, y andQ2.
The average values are〈x〉 = 0.09, 〈P⊥〉 = 0.40 GeV,
〈z〉 = 0.38,〈y〉 = 0.53 and〈Q2〉 = 2.4 GeV2.
The asymmetries defined in Eq. (3) were alter
tively fit with the functions
(5)f1(φ)= P0+ P1 sinφ,
(6)f2(φ)= P0+ P1 sinφ + P2 sin 2φ,
which are indicated as curves in Fig. 3. All coefficien
P0 are compatible with zero. The sinφ and sin 2φ
amplitudesP1 and P2, obtained from the fit (6) to
the data, are displayed in the figure as well. Th
represent the analysing powersAsinφUL and A
sin2φ
UL of
the azimuthal asymmetry. The numerical values
given in Table 1 for the various mesons, toget
with the previously reported analysing powers for p
production on longitudinally polarised protons [2,3]
The effects of smearing and spectrometer acc
tance are estimated using a Monte Carlo simulat
For this purpose, a Monte Carlo simulation is carr
out with variousx, P⊥ or z dependent sinφ and sin 2φ
amplitudes. Within the statistical accuracy, the rec
structed event distributions show the same sinφ and
sin2φ amplitudes as the generated distributions. I
concluded from the Monte Carlo simulation that t
measured asymmetries are not affected by accept
or smearing effects of the detector in any signific
way within the statistical precision of the Monte Ca
simulation of 0.001(0.002) for charged mesons (π0).
An additional test of possible acceptance effe
was performed using measurements with unpolar






























lu-Fig. 3. Target spin asymmetriesAUL (φ) for electroproduction of
π+, π0, π− andK+ mesons. Fits of the formP0+ P1 sinφ (solid
line) andP0+ P1 sinφ + P2 sin 2φ (dashed line) are also displaye
in the figure. The error bars give the statistical uncertainties of
measurements. The values of the coefficientsP0 are all compatible
with zero and the coefficientsP1 andP2 for the various hadrons an
their statistical uncertainties are listed in each panel.
hydrogen and deuterium gas targets. These mea
ments were regularly done after a few hours of d
taking with polarised targets. The data were analy
with the kinematic requirements described above
the sinφ and sin2φ momentsAsinφUU and A
sin2φ
UU of
the unpolarised cross section are extracted. They w





i=1 sin 2φi , summed over allN









UL for the azimuthal target-spin
asymmetry for the electroproduction of pions and kaons on
deuteron, integrated over the experimental acceptance inx, P⊥, z,
y andQ2. Also listed are earlier results obtained on the proton fr
Refs. [2,3]. The first uncertainty is the statistical and the secon
the systematic uncertainty of the measurement















as expected [1] for pions (kaons) within a statisti
uncertainty of 0.002 (0.004).
The analysing powersAsinφUL extracted from a fit to















using the weighting functionsW(φ) = sinφ and
W(φ) = sin2φ, respectively. This type of analys
is more sensitive to the experimental acceptance
Based on a Monte Carlo simulation, corrections
about 15% had to be applied to account for a cro
contamination between the sinφ and sin2φ moments.
After these corrections, the analysing powers extra
as moments according to Eq. (7) and those extra
using a fit to the cross section asymmetryAUL(φ)
agree within the systematic uncertainty assigned
effects of the spectrometer acceptance (see Table
In Fig. 4, the analysing powersAsinφUL on the
deuteron are shown as a function ofx, P⊥ andz to-
gether with earlier results obtained on the proton [2
The mean values ofQ2 for eachx bin and the mean
values ofP⊥ for eachz bin are given in Table 2.
The various contributions to the systematic unc
tainty of the experimental results in Table 1, in
grated overx, P⊥ and z, are listed in Table 3. Fo
charged pions, the largest contributions originate fr
the determination of the target polarisation and fr
the upper limit for possible acceptance effects eva
188 HERMES Collaboration / Physics Letters B 562 (2003) 182–192
Fig. 4. Target spin analysing powersAsinφUL for semi-inclusiveπ
+, π0, π− andK+ production on the deuteron (filled circles) and on the proton
(open squares). The latter are taken from Refs. [2,3]. The data are shown as a function of one of the kinematic variablesx, P⊥ andz while
integrating over the other variables. The error bars give the statistical uncertainties of the measurements and the bands in the lower parts of each
panel give the systematic uncertainties for the deuteron (hashed band) and for the proton measurement (open band).






























































Mean values ofQ2 for eachx bin (upper part) and mean values
P⊥ for each bin ofz (lower part)
x 0.039 0.068 0.115 0.179 0.276
〈Q2〉 in GeV2 1.30 1.82 2.62 3.58 4.88
z 0.25 0.35 0.45 0.55 0.65
〈P⊥〉 in GeV 0.36 0.40 0.44 0.46 0.47
ated in a Monte Carlo simulation. For kaons the u
certainty in the hadron identification with the RIC
detector also contributes significantly. For pions
RICH efficiency is larger and the contamination
other hadrons is smaller so that the contribution
the systematic uncertainty is small. The charged p
sample can be contaminated by pions from the
cay of heavier mesons. The main contribution or
nates from the decay of exclusively producedρ0 vec-
tor mesons and is estimated using a Monte C
simulation. It is found to be smaller than 5%. In ad
tion, it is shown from the experimental data that th
is no asymmetry in their azimuthal distribution. A co
tribution is added to the systematic uncertainty for t
dilution. For π0 mesons there is a significant cont
bution to the systematic uncertainty due to the unc
tainty in the determination of the background yield a
its asymmetry.
The analysing powerAsinφUL for π
+ production on
the deuteron is greater than zero, but smaller than
obtained on the proton (see Table 1). In the con
of models based on transversity, the different size
the asymmetries forπ+ production on the proton an
deuteron can be attributed to the dominant role of
u-quark contribution to the observed asymmetry [2
The analysing powers forπ0 production are positive
for both deuteron and proton and of similar size. F
π− production, only the deuteron data suggest
asymmetry different from zero. The result forK+
production on the deuteron is compatible with th
of π+ production, which may indicate the domina
contribution fromu-quarks fragmenting into kaons.
The results for the two targets show a similar b
haviour in their kinematic dependences onx, P⊥
andz. The observed increase ofAsinφUL with increasing
x suggests that the single-spin asymmetries are a
ciated with valence quark contributions.
Two mechanisms have been proposed to explain
measured single-spin asymmetries. One is the c-
Table 3
Contributions to the systematic uncertainty of the experime
results for the target spin analysing powersAsinφUL listed in Table 1
for π+, π−, π0 andK+ mesons. The total systematic uncertain
is calculated as the quadratic sum of the individual contributions
Source of systematic uncertainty π+, π− π0 K+
Determination of target polarisation 0.001 0.001 0.001
Upper limit on acceptance effects 0.0 1 0.002 0.001
Meson identification (RICH) 0. 004 – 0.002
ρ0 contamination 0.001 – –
γ γ -background correction – 0. 02 –
Quadratic sum 0. 02 0.003 0.003
bination of transversity-related chiral-odd distributi
functions and chiral-odd fragmentation functions li
the Collins fragmentation function. The other one i
final-state interaction of the struck quark with the t
get remnant (Sivers effect) [23,26]. There are no c
culations for a deuterium target available for the la
scenario that can be compared with the present da
Recent model calculations in the context of tra
versity [21,22] predictAsinφUL for scattering on the deu
teron within the kinematic range of the HERME
experiment. These calculations are performed in
same framework than those mentioned in our ea
publications of the proton results [2,3], but take in
account a recently detected sign error in the ea
theoretical calculations [19,20]. The transversity d
tributions calculated in the chiral quark soliton mod
(χQSM) [22], in the SU(6) quark spectator diqua
model [21] and in a perturbative QCD model [21] ha
been used as an input. The results of three of these
culations are displayed in Fig. 5 together with the
perimental data. As can be seen from Fig. 5, the ex
imental data are well described by these calculatio
The analysing powerAsin2φUL is an additional impor-
tant observable, since it appears as a leading ter
the expansion of the cross section for scattering e
trons off a longitudinally polarised target, while th
sinφ moment appears only at order 1/Q [1]. The de-
pendence ofAsin2φUL on x is presented in Fig. 6. In
tegrated over the measuredx-range, it is compatible
with zero for all mesons (see Table 1). Also shown
corresponding values calculated in theχQSM [22].
For pions, the data do not favour the predicted tr
towards negative asymmetries at largex.




















eenFig. 5. Comparison of the measured analysing powersAsinφUL on the
deuteron forπ+, π0, π− andK+ production with predictions from
theoretical calculations in the chiral quark soliton model (χQSM,
solid lines [22]), the quark–diquark model (QdQ, dashed lines [2
and a perturbative QCD model (pQCD, dotted lines [21]). T
shown curves refer to “approach 2” of the models in Ref. [2
The error bars give the statistical uncertainties of the measurem
and the bands in the lower part of the panels show the system
uncertainties of the measurements.Fig. 6. The sin2φ analysing powersAsin2φUL for π
+, π0 and π−
(upper panel) and forK+ production (lower panel) on the deutero
The error bars give the statistical uncertainties of the measurem
The systematic uncertainties forπ+ andπ− are represented by th
hatched band and those forπ0 by the open band. The points fo
π0 andπ− are slightly shifted inx for better visibility. Included as
curves are predictions from a transversity-related calculation in
chiral quark soliton model [22].
The data presented so far are evaluated in the s
inclusive kinematic range 0.2< z < 0.7. In Fig. 7, the
z-dependencies of the single spin asymmetriesAsinφUL
on the proton and on the deuteron are shown u
z = 1. The results on the proton have been obtai
from experimental data taken with a longitudina
polarised hydrogen target as described in Ref.
neglecting the upperz < 0.7 cut, however. The mea
experimental resolution inz is $z = 0.02 (0.04) for
charged (neutral) pions in the semi-inclusive regi
and$z = 0.07 (0.06) for z→ 1. It has to be pointed
out that the experimental data shown as open sym
in Fig. 7 have not been corrected for this variation
$z. Also, the results for charged pions have not b




















































leFig. 7. The dependence onz of the analysing powersAsinφUL (z) for
π+, π0 andπ− production on the deuteron (upper panel) and on
proton (lower panel). The filled symbols show the semi-inclus
measurements on the deuteron from Fig. 4 and on the pr
from Ref. [2], respectively. Shown as filled star is the exclus
measurement forπ+ production from Ref. [41]. For the data at hig
z (open symbols), no corrections for the experimental resolutio
z or possible contaminations by pions from the decay of exclu
ρ0 vector mesons have been applied. The error bars indicate
statistical uncertainty of the measurements. The points forπ0 and
π− are slightly shifted inz for visibility.
corrected for a possible contamination by pions fr
the decay of exclusively producedρ0 vector mesons.
At large z, a transition from the semi-inclusiv
regime to the exclusive regime is observed. In
exclusive limit (z → 1), the scattering process ca
be interpreted in terms of generalised parton dis
butions [37–40]. The data show an inversion of
sign and an increase in absolute size of the single
asymmetries, similar for bothπ− and π+. The size
of the asymmetry forπ0 mesons increases but it r
mains positive for allz. A large asymmetry in the exclusive limit has already been reported for exclus
π+ production on the proton [41]. As shown in th
lower panel of Fig. 7, there is a large analysing pow
for π0 production on the proton as well, while no si
nificant asymmetry forπ− production is found. No
theoretical explanation yet exists for this experim
tal result.
In summary, single-spin azimuthal asymmetries
electroproduction ofπ+, π0, π− andK+ mesons on
a longitudinally polarised deuterium target have be
measured for the first time. The dependences of th
asymmetries onx, P⊥ andz have been investigate
The results show positive asymmetries forπ+ and
π0 and an indication of a positive asymmetry forπ−
mesons. The asymmetry forK+ is compatible with
that for π+ mesons. These findings can be well d
scribed by model calculations where the asymmet
are interpreted in the context of transversity as the
fect of combinations of chiral-odd distribution fun
tions and chiral-odd fragmentation functions. He
the observed asymmetries forπ+ andK+ are consis-
tent with the assumption ofu-quark dominance in th
quark distribution and the fragmentation process.
gether with earlier measurements on the proton [2
the results support the existence of non-zero chiral-
distribution functions that describe the transverse
larisation of quarks. However, it cannot be exclud
that a part of the observed asymmetry is due to an
ditional exchange of a gluon in the final state (Siv
effect) as discussed in Ref. [23]. Furthermore, the d
show an increase of the magnitude of the asym
tries for charged and neutral pions at largez when ap-
proaching the exclusive regime.
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